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Abstract

:

The increasing energy demand and the subsequent climate change consequences are supporting the search for sustainable alternatives to fossil fuels. In this scenario, the link between hydrogen and renewable energy is playing a key role and unitized hydrogen-chlorine (H2-Cl2) regenerative cells (RFCs) have become promising candidates for renewable energy storage. Described herein are the recent advances in cell configurations and catalysts for the different reactions that may take place in these systems, that work in both modes: electrolysis and fuel cell. It has been found that platinum (Pt)-based catalysts are the best choice for the electrode where hydrogen is involved, whereas for the case of chlorine, ruthenium (Ru)-based catalysts are the best candidates. Only a few studies were found where the catalysts had been tested in both modes and recent advances are focused on decreasing the amount of precious metals contained in the catalysts. Moreover, the durability of the catalysts tested under realistic conditions has not been thoroughly assessed, becoming a key and mandatory step to evaluate the commercial viability of the H2-Cl2 RFC technology.






Keywords:


chlorine; electrocatalysts; hydrogen; regenerative fuel cell












1. Introduction


Despite the hard times that we are living now, with the human tragedy caused by the COVID-19 pandemic and its strong influence on the industrial production, energy remains as an important issue and is still a key element for society development. In this context, global energy demand was found to decrease during the first quarter of 2020 due to the pandemic effect [1] and, as seen in Figure 1, the statistics revealed that the global demands of coal and oil were most affected by this situation, decreasing by nearly 8 and 5%, respectively, as compared with the same period of 2019. Meanwhile, the gas demand decreased only by 2% and, in contrast, renewable energy increased by almost 1.5% [1]. The higher decrease in the use of non-renewable sources may help to explain the significant improvement of the global environmental quality noticed in the first quarter of 2020, which was especially outstanding if the attention is focused on the closing of the ozone gap [2,3,4].



This is a relevant example that supports that large-scale stationary applications of renewable energy sources are required to sustain human development [5]. Moreover, renewable energy reduces air pollution, making people less vulnerable to respiratory diseases, as evidenced in a recent analysis that correlated a higher morbidity of COVID-19 deaths with the higher air pollution levels in cities [6].



Nevertheless, not everything is an advantage in the use of renewable sources of energy, and there are various well-known drawbacks such as cost, intermittency, grid connection, and storage, which become real challenges that must be overcome in order to facilitate their penetration in the energy market [7,8,9]. It is worth to highlight the energy storage devices for stationary applications, which are becoming one of the most critical bottlenecks to reach a more sustainable society. There are numerous candidates for facing this challenge and they can be classified into two groups [10]. The first incorporates capacitors or supercapacitors that are able to store renewable energy directly and have very high efficiencies, but low energy density and difficult regulation because they discharge in a very short period. The second group incorporates devices that convert renewable energy into another form of energy, such as kinetic (flywheels), potential (hydro pumping), or chemical. Within this last group, the most appealing technologies are the electrochemical energy storage (EES) systems that can efficiently store surplus electricity as chemicals, which can again regenerate electricity when demanded [10]. The lack of geographical requirements, easy modular design, and smaller water and carbon footprints are some of the advantages of EES, as compared with other storage technologies [11]. The combination of water electrolyzers and hydrogen-based fuel cells is a good example of this kind of system where hydrogen is used as an energy carrier [11]. Hydrogen may also be sustainably produced from other renewable energy sources, such as thermochemical cycles [12]. Their off-the-grid applications include transportation, propulsion, and residential utilization.



The unitized regenerative fuel cell (URFC) is a compact version of a regenerative electrochemical cell, a system which can operate as an electrolyzer or fuel cell, and becoming one of the most promising technologies for renewable energy storage. In the electrolytic mode, the URFC produces a chemical product (like hydrogen) from surplus electricity which becomes fuel to store the excess energy. Then, when demanded, in the fuel cell mode it transforms this fuel into electricity, trying to meet different consumption requirements. Among the advantages of this system, it is worth mentioning its high specific energy, sustainability (pollution-free), and most importantly, the decoupled energy storage capacity with rated power [13]. One of its limitations is the high overvoltage during the oxygen evolution reaction (OER) or oxygen reduction reaction (ORR), which restricts the energy storage efficiency. In addition, most of these energy storage systems are based on the use of oxygen as a comburent, which leads to the necessity of high amounts of platinum on the electrode in charge of its transformation and also to harsh operation conditions which have associated severe corrosion of catalysts and supporting materials, reducing the service lifetime of the cathode [14]. For this reason, in the recent years, attention has been focused on other comburents, among which halogens have demonstrated to be very promising [11]. In Figure 2, the three types of halogens that have been proposed and the wide variety of reactions that explain the performance of each system can be seen.



Chlorine URFCs have appealing properties such as fast kinetics and high reduction potential [15] and, because of that, one of more promising alternatives for energy storage, is the hydrogen-chlorine (H2-Cl2) regenerative electrochemical cell, which operates according to Equation (1).


    H C l     a q     …     c h a r g e      ⇆      d i s c h a r g e      H   2   g      +  1 2    C l    2   g      …  E 0  = 1.36   V  



(1)







The lower activation overpotentials for the Cl2 electrode, as compared with oxygen [16], and much higher exchange current density [17] are two of the most relevant advantages associated with this system. To operate successfully, the used catalysts must be tailored to promote the electrochemistry of chlorine. The most used materials are formulations of mixed metal oxides (MMOs) rich in ruthenium (Ru) oxides because they exhibit excellent electrocatalytic properties for chloride oxidation. However, at the same time, their main weakness is that the required Ru metal loading is typically very high and MMOs may turn into an expensive electrode choice for a halogen-based electricity storage technology. For this reason, the reduction in Ru loading without affecting the electrocatalytic properties is an important challenge. With less success, other materials have been tested for this process, including stainless steel in the photoelectrochemical production of hydrogen and chlorine from acid wastes [18], carbon-based materials (such as carbon cloth or carbon paper) [19], titanium, nickel, or copper [20]. More recently, the use of nanomaterials has attracted the attention of researchers because of their outstanding proprieties and operation results [21,22]. Their nature, size of the layer, and even the deposition methods have shown to be important aspects to reach high efficiencies in the operation of regenerative fuel cells (RFCs).



Thus, in this work, authors discuss recent progresses in the H2-Cl2 regenerative electrochemical cell process, highlighting catalysts that are used in this system and gather valuable information about the cell configurations that are used currently in the development of this promising technology.




2. Hydrogen-Chlorine Fuel Cells Configuration


The regenerative fuel cell operates in two steps: charge (electrolyzer mode) and discharge (fuel cell mode), as shown in Figure 3. The chemical species that are involved in the process are hydrogen, chlorine, and hydrochloric acid. In the fuel cell operation mode, the anode reaction is the same as for the hydrogen–oxygen fuel cells (Equation 2), reducing hydrogen gas and producing protons that are transferred to the cathode compartment throughout the proton-exchange membrane (PEM). On the cathode, the reduction of gaseous chlorine produces chloride, which together with the protons transferred from the anode forms hydrochloric acid (Equation 3). The HCl formed can be further dissolved in water or kept as an anhydrous gas. In the latter case, it can be stored as a pressurized gas.


H2↔2H+ + 2e− (E0 = 0 V)



(2)






Cl2 + 2e−→2Cl− (E0 = 1.36 V)



(3)







In the operation in electrolyzer mode, the oxidation of chloride into chlorine takes place on the anode (Equation (4)), together with the oxidation of water to oxygen (Equation (5)). The first is the primary reaction expected in this regenerative cell, while the second is a non-desired side reaction, whose extension needs to be minimized. On the other electrode, formation of hydrogen according to Equation (2) is the expected main reaction.


2Cl−→Cl2 + 2e− (E0 = −1.36 V)



(4)






2H2O→O2 + 4H+ + 4e− (E0 = −1.23 V)



(5)







Although the use of chlor-alkaline technologies in fuel cell or electrolyzer mode dates back more than one century, the first regenerative cell using hydrogen and chlorine as the reactive gases [23,24] was first proposed in the late 1970s. In these first devices, the regenerative cell included a porous matrix where the electrolyte was embedded. A water-free electrolyte (typically phosphoric acid, sulfuric acid, or solid NaCl) was proposed to dissolve the gaseous HCl, H2, and Cl2, and to carry out the electrochemical reactions within the cell. On the opposite side of the matrix, gas diffusion electrodes were placed and the corresponding catalysts were deposited on the electrodes according to the reactions that were aimed to take place on each side. The reactants were supplied under pressure through the hydrogen and chlorine chambers. At the same period, a group at Brookhaven National Laboratory was one of the first to test regenerative H2-Cl2 cells using proton-exchange membranes (such as the well-known Nafion membrane manufactured by Dupont, with a much lower thickness of only 250 µm), the same used for H2-O2 fuel cells [25]. In this case, the chlorine gas was fed as an aqueous HCl solution to be sure that the Nafion membrane was humidified in order to assure proton conductivity. Nevertheless, the maximum HCl concentration allowed was 10 wt. %. because higher concentrations led to lower conductivity of the membrane and, in addition, corrosion of carbon electrodes appeared. This approach was much better than the first and, nowadays, thinner Nafion membranes (50 µm thick) are used in order to decrease ohmic resistance [17]. These first prototypes had potentially superior power and higher energy densities than H2-O2 systems, and the chlorine-based regenerative fuel cell system was initially considered for space application because of the good results obtained [16].



After this initial period, capital cost consideration became a matter of paramount importance and many other prototypes were proposed. Among them, a membrane-less H2-Br2 fuel cell has been proposed recently [26], whose design can be extrapolated to a H2-Cl2 fuel cell, feeding Cl2 instead of Br2 in the fuel cell mode and HCl instead of HBr in the electrolyzer mode. It was claimed that a higher power density storage may be achieved because, as there is no separator (membrane), higher concentration of both reactants may be used. Moreover, bubble formation was avoided with this membrane-less cell, in turn avoiding operative problems. In this cell, it must be pointed out that a laminar flow is reached as it relies on diffusion to separate reactants. The design is similar to air-breathing H2-O2 fuel cells [27]. More recently, our group proposed a novel configuration of H2-Cl2 fuel cell systems, denoted by the word “electro-absorbers” [28]. Figure 4 shows the configuration of these prototypes and their characteristics.



The same membrane (Nafion 117) and electrodes were used in all prototypes, changing only the function of the membrane as further detailed. Thus, in the case of prototypes 1 and 2, the membrane was used to separate the anolyte from the catholyte (with a total electrode gap of 1 cm), whereas in prototypes 3 and 4, the membrane acted as the electrolyte and it was sandwiched between the electrodes forming the conventional membrane electrode assembly (MEA) and obtaining an electrode gap lower than 180 µm (which is the thickness of Nafion 117). Another important difference between the four cells was the feeding mode of hydrogen to the anode. Hydrogen was fed after absorption in an NaCl solution by means of a jet mixer (cell 1) or a mechanical device to produce H2 microbubbles (cells 2 and 3). Cell 4 was fed with hydrogen gas. Interesting findings were achieved during the essays with these four cells. Considering energy efficiency based on the use of hydrogen, the cell prototype equipped with the MEA and fed with tiny bubbles was found to attain higher efficiency (approximately 100 mWh/mol H2), followed by cell 1, which was able to produce approximately 70 mWh/mol H2. These results allow to highlight that the gas-liquid cells can outperform conventional fuel cells using hydrogen gas. The option of using microbubbles of H2 absorbed in a liquid solution was also found to be very promising.




3. Catalyst


3.1. Catalyst for Hydrogen Reaction


Platinum is considered as the best catalyst for hydrogen evolution reaction (HER) with almost zero overpotential and very good durability [29,30]. However, it has important weaknesses. Thus, its high demand, scarcity, and subsequent expensive price have led to the necessity of searching for other robust, efficient, and more economic substitutes [31].



In 1839, William Grove was the first scientist to achieve, from electrolyzed water, electrical current. Therefore, he proposed the first fuel cell prototype using platinum wires as electrodes. Since then, many researchers have worked to improve the applicability of platinum (Pt) catalysts in fuel cells [32]. In the beginning, the first fuel cells only used black Pt nanoparticles (NPs) as catalysts for both electrodes. However, it was discovered that using carbon support materials increased the catalytic performance of these nanoparticles which, on the contrary, without support, agglomerate reducing the active area [33]. For this reason, Pt NPs deposited on carbon support are the most popular catalysts in promoting Pt activity toward the HER [34].



In 1923, Foerster et al. [35] constructed a hydrogen-chlorine cell stack consisting of three cells. They discovered that using Pt as an electrocatalyst to carry out the hydrogen reaction is necessary. Thus, a maximum voltage of 2.93 V at 0.2 A was obtained at room temperature with 2 M HCl as the electrolyte. By the early 1960s, Yoshizawa et al. [36] evaluated the performance of hydrogen-chlorine fuel cells. They found that using a carbon gas diffusion electrode with a loading of platinum on the hydrogen side improved the fuel cell performance (maximum energy efficiency of 51%).



These studies pointed out the very important role of the composition of this electrode, which from that moment has been a very important topic of research not only for hydrogen-chlorine, but also for conventional hydrogen-oxygen cells. Thus, in 1965, Bianchi used a Pt support on graphite as hydrogen electrode, getting a maximum power efficiency of 80% at 1.0 V [37]. More recently, Nguyen et al., in 2015, found that for the fabrication of Pt/carbon (Pt/C) catalysts, the Pt NPs need to be distributed in a small and homogeneous size over the entire surface of the carbon carrier, because the Pt content significantly affects its final properties [38]. At this point, the impregnation–reduction method has been considered as the best method to prepare Pt nanoparticles on carbon supports. Therefore, the aim of this study was to evaluate and improve this technique using two reducing steps. In a first step, the synthesis of the Pt electrocatalyst was carried out by the impregnation–reduction method with sodium borohydride reductant, as described by Sung et al. [39] and, in the second step, the synthesis method was done with ethylene glycol reductant, as described by Kumar et al. [40]. With that, the cyclic voltammetry curves were found to be like that of the Pt black powder catalyst. PEM water electrolysis was carried out and the typical current–voltage curves recorded at 25 °C were at the current density of 1.0 A cm−2, applying voltages of about 2.0 V [38]. These results led to the conclusion that the impregnation–reduction method consisting of two steps with Pt loading about 20% of carbon weight per step is a promising approach for the preparation of cathodic catalysts possessing Pt nanoparticles on a Vulcan XC-72R carrier.



Ehsan et al. have developed new electrocatalysts of platinum thin films for HER. Platinum NPs are normally deposited on a carbon support, which suffers corrosion due to electro-oxidation on the electrode surface. Consequently, these researchers have studied the influence of support on HER, comparing different materials: carbon (C), titanium (Ti), and nickel foil (NF). Using these thin-film catalysts, due to their morphology, the active area was increased and their electrocatalytic activity was significantly improved. As can be seen in Figure 5, the Pt/Ti electrode showed better activity, suggesting better mass diffusion. It was shown that using Pt/Ti and Pt/NF as electrodes produced 10 mA cm−2 at overpotentials of 28 mV and 26 mV, respectively, with better performance than the commercial Pt/C electrode (approximately 39 mV) [41].



Pt-based catalysts are also the most effective catalysts for both electrolyzers and fuel cells. However, their high cost made necessary the development of new and cheaper catalysts that combine platinum with other metals maintaining and even improving catalytic efficiency [42].



Many studies have shown that the Pt catalytic performance not only improves when combined with other metals, but it has also been found that the combination with metal oxides allows the use of Pt in oxidative environments. Specifically, titanium oxide (TiO2) is the most widely used because it has good mechanical properties and is very stable in both acidic and oxidizing environments [43].



Recently, our group performed a study using the same composition for the electrode that carries out the chlorine reaction (Ru0.3Ti0.6Pt0.1/Ti) and working under the same operating conditions to compare a single catalyst (Pt) and a binary catalyst (Pt0.2Ti0.8) with a Pt loading of 0.65 mgPt cm−2 deposited on Ti (Pt0.2Ti0.8/Ti) and on Vulcan carbon (Pt/XC Vulcan) [28,44], in order to evaluate the influence of the catalyst support and catalyst composition. Significant differences in hydrogen production were observed, obtaining an efficiency of 98% for Pt0.2Ti0.8/Ti and 84% for the Pt/C electrode. Therefore, these results confirmed that the change of catalyst improves the performance of the reversible hydrogen-chlorine PEM fuel cell, in electrolysis mode.



Nowadays, it has been sought to optimize the supporting materials, as investigated by Wu et al. in their work in 2017 [45]. They designed a new composite based on carbon and mesoporous TiO2 as a Pt support. The results showed that by using this support it is possible to improve the stability of the commercial Pt/C catalyst up to 6 times.



In order to reduce the cost of Pt electrocatalysts, new catalysts have been developed based on ruthenium oxide (RuO2) and iridium oxide (IrO2) electrodes as active electrocatalysts for hydrogen evolution. In the work of Cheng et al. in 2010, carbon-supported IrO2 and RuO2 were prepared using a wetness method followed by calcination at various temperatures [46]. After studying these new catalysts, they demonstrated that the performance of IrO2/C (25 wt. %; 0.5 mgIrO2 cm−2) for HER was similar to that of the conventional Pt/C electrocatalyst (28.4 wt. %; 0.5 mgPt cm−2), with Tafel slopes of 15.5, 26, and 13.6 mV dec−1, respectively, for Pt/C, RuO2/C, and IrO2/C in the low current density range (10−6–10−3 A cm−2). In addition, they evaluated the efficiency of a water electrolyzer with RuO2/C, IrO2/C, and Pt/C used as electrocatalysts at 1 A cm−2 and 80 °C, obtaining efficiencies of 80.3%, 85.9%, and 86.4%, respectively.



Interesting results were also obtained in the work of Su et al., 2016, in which a Ru-based electrocatalyst was used to promote HER. RuCo nanoalloys encapsulated in nitrogen-doped graphene layers (RuCo@NC) were developed following an in-situ method consisting of one-step annealing of Ru-doped Prussian blue analogs. The RuCo@NC hybrid material with 3.58 wt. % Ru showed a high electrocatalytic performance toward HER in basic conditions, even superior to the commercial 20 wt. % Pt/C catalysts [31].




3.2. Catalyst for Chlorine Species Reactions


Chlorine evolution reaction (CER) has been an essential reaction in electrochemistry because of its importance in the chlor-alkali process, among others. Precious metal catalysts are commonly used to increase the kinetics of the chlorine reaction in regenerative fuel cells. It is also not necessary to use large amounts of precious metals to act as good electrocatalysts for hydrogen-chlorine regenerative cells. Two of the most widely used electrocatalysts for the chlorine electrode are platinum and ruthenium oxide (RuO2) [11].



3.2.1. Platinum-Based Catalysts


The Pt electrocatalyst, specifically as nanoparticles loaded on a carbon support (Pt/C), shows remarkable electrochemical performance for chlorine reduction reaction (CRR); however, it shows lower electrocatalytic performance for chlorine evolution reaction (CER) [47]. Platinum is one of the most used metals as a catalyst in fuel cells, benefiting mainly from its higher catalytic activity and better stability than other noble metals.



Chang and Wick (1935) were among the first to study the influence of a Pt electrode for both chlorine evolution and its reduction. They showed that this electrode mainly performs better for chlorine evolution, in accordance with the theory of Erdey-Gruz and Volmer, than for chlorine reduction [48]. Over the next few years, Yeo et al. [49] studied the performance of a hydrogen-chlorine regenerative cell using different electrodes on the chlorine side. One of the catalysts used was Pt, but they verified that, as the potential of chlorine (0.27 V) was more positive than that of Pt/  P t C  l 4 −    the electrode suffered corrosion. As a result, the cell was mass transfer limited on discharge. At the beginning of the 21st century, Thomassen et al. evaluated the performance of a hydrogen-chlorine fuel cell system using gas diffusion electrodes. In addition, they studied the stability of Pt as an electrocatalyst for chlorine reduction. They concluded that a formulation consisting of 20 wt. % Pt on carbon (Pt/C, 0.5 mgPt cm−2) was not stable as cathode material, since Pt dissolved in the presence of chlorine, forming chloroplatinic acid (H2PtCl6). Cell performance decreased by 45% using only platinum as a catalyst [50].



Recenlty, it has been found that atomically dispersed catalysts improve the catalytic efficiency of precious metals. Mainly, it has been demonstrated that an electrocatalyst of atomically dispersed Pt–N4 sites doped on carbon nanotubes (Pt1/CNT) is capable of catalyzing CER with excellent activity and selectivity. Tafel analyses showed that the CER kinetics was faster in Pt1/CNT (38 mV dec−1) than in more conventional catalysts such as PtNP/CNT and Ru/Ir based on MMO (52 mV dec−1 and 60 mV dec−1, respectively) [51].



Therefore, it can be concluded that using only Pt as an electrocatalyst for the electrode, where the oxidation–reduction (redox) reaction of chlorine takes place, is not as feasible as it seemed in the first research. Platinum is too expensive, especially considering the low electrocatalytic activity and stability it has for CER [52]. Furthermore, taking into account that the main support material is carbon, which suffers corrosion, the most viable option is to improve the structure of Pt as an electrocatalyst with the addition of other metals and thus, optimizing support materials. Electrocatalytic oxidation can cause a decrease in the efficiency of Pt as a catalyst due to the formation of intermediates, which occupy the active sites. For this reason, other metals are added to improve the catalytic activity of Pt [52].



In 1992, Shibli and Noel [53] were among the first to evaluate the performance of hydrogen-chlorine fuel cells with different bimetallic catalysts, both for hydrogen oxidation and chlorine reduction. Therefore, they studied the efficiency of CRR in this system, using Pt- (5 wt. %), Pt-Ru- (2.5 wt. % Pt and 5 wt. % Ru) and Pt-Ir-loaded (2.5 wt. % Pt and 5 wt. % Ir) catalysts on carbon gas diffusion electrodes. The main conclusion drawn from this study was that using bimetallic catalysts improved the CRR, specifically using Pt-Ir. In addition, the stability of this hydrogen-chlorine fuel cell system was studied for 300 h, working at a constant density of 100 mA cm−2 and producing a cell voltage of 1.0 V. The cell functioned efficiently for that time; however, the stability of the electrode decreased after 300 h, due to either deactivation or mechanical damage suffered during the H2-Cl2 fuel cell performance.




3.2.2. Ruthenium-Based Catalysts


Ruthenium oxide (RuO2), is considered as one of the most active electrocatalysts for CER. Pure metals are less stable than oxides because they can be further oxidized [54]. Beyond its excellent catalytic properties, using RuO2 as an electrode material ensures cost reduction, since, despite not being cheap, this precious metal is much cheaper than the rest of Pt-group materials (Ru approximately $42 per oz vs. Pt approximately $992 per oz), and also increases both chlorine evolution efficiency and its stability [55].



RuO2 is used mainly for the production of chlorine as a part of mixed metal oxides (MMOs). The bare oxide electrodes have been demonstrated to reach long service lifetimes [56]. However, they suffer corrosion due to the harsh reaction conditions of chlorine and oxygen evolution to which the electrode is exposed in industrial chlor-alkali processes, among others. Therefore, to improve corrosion resistance and increase coating stability for chlorine evolution, RuO2 is used in a mixture with other oxides such as IrO2,TiO2, ZrO2, and Ta2O5 [57].



Even if RuO2 is cheaper than other materials such as platinum, the decreasing reserves of Ru present a problem [58] and, therefore, new electrocatalysts need to be developed in order to reduce the amount used and by enhancing its electrocatalytic properties [59].



In 1979, the electrochemical oxidation and reduction of hydrogen and chlorine were evaluated using different electrode materials, including RuO2/TiO2. This work showed that CER was faster and reversible than oxygen evolution reaction (OER), leading to low activation losses at the chlorine-side electrode. Furthermore, once they studied the influence of the catalyst, they started a regenerative hydrogen-chlorine system with these electrodes, producing a maximum electric-to-electric efficiency of 95% [49].



In recent studies, the hydrogen-chlorine system has been improved in order to produce energy more efficiently. In 2006, Thomassen et al. evaluated the concepts of the novel hydrogen-chlorine fuel cells concluding that chlorine reduction kinetics are much faster than oxygen reduction reaction (ORR) when RuO2 is used as a catalyst in the chlorine reaction. However, no relevant data were obtained from this study due to the corrosion in the electrode [60].



Recently, many new techniques have been developed to optimize and decrease the use of Ru as a catalyst. In this regard, a very interesting technique is nanocasting [61], which was used by Han et al. to synthesize a structurally controlled, ordered, mesoporous RuO2 replica with mesoporous KIT-6 silica material as a template. This study revealed that the use of this new catalyst enhanced the electrocatalytic activity of commercial RuO2 nanoparticles, whose peak current density for CER of structure-controlled (SC) RuO2 was 1.75 times higher than that of RuO2 nanoparticles (approximately 600 mA cm−2 and 350 mA cm−2, respectively) [58].



RuO2 presents low stability in acidic environments, so improvements have been studied to use this electrocatalyst for chlorine reaction. Goryachev et al., in 2020, proposed RuO2(110)/Ru(0001) single crystal model electrodes to evaluate the stability of RuO2(110) under acidic chlorine and oxygen evolution reaction conditions in 0.5 M HCl and 0.5 M H2SO4 electrolytes [57].



Heo et al. (2020) prepared black TiO2 nanotube arrays deposited with RuO2 by pulsed electrodeposition and investigated them as three-dimensional supporting electrodes for chlorine and hydrogen evolution [62]. RuO2-loaded black titania achieved high chlorine evolution activity (10 and 100 mA cm−2 at 1.090 and 1.125 V, respectively) with a faradaic efficiency of 95.25%. On the contrary RuO2-loaded titania did not present activity, even if hydrogen evolution reaction performance was similar. This fact revealed the importance of the type of titania support in the conducting property at anodic potentials and chlorine evolution activity. In addition, it was demonstrated that black titania materials can increase the electrocatalytic activity of anodic reactions.



Ru-Based Bimetallic Catalysts


From the results discussed in the previous section, it may be highlighted that RuO2 is the most active catalyst for chlorine evolution reaction due to its low overpotential and low cost. However, its catalytic activity is reduced because the oxidation state of ruthenium increases during long-term operation [63]. For this reason, mixing two or more metals and metal oxides can help to improve electrocatalytic properties by changing microstructure, surface composition, or morphology of electrocatalyst components, leading to the use of good electrocatalysts in reversible hydrogen-chlorine PEM fuel cells [64].



Different kinds of metal oxides are used as electrocatalyst materials to improve CER performance in chlor-alkali industry. RuO2-based coatings, like pure RuO2 and RuO2-TiO2, have good electrocatalytic properties, but other metal oxides are also used to increase coating stability during long-term operation at high anodic potentials.



RuO2 mixed with TiO2 (titanium oxide) is one of the most widely used catalysts (known as DSA, trademark) to perform chlorine evolution due to its stability and catalytic activity. The chlorine evolution efficiency of RuO2-TiO2 electrodes depends on several parameters such as their surface area or composition. In 2017, Luu et al. proposed a new model of an electrocatalyst that improves the performance of CER based on RuO2 and TiO2 mixed using polystyrene templates [65]. Their research showed a promising electrode material with high chlorine evolution efficiency and, in addition, its use lowers energy consumption costs.



Iridium oxides (IrO2) present the best mechanical properties. For example, the electrical conductivity is higher than that of commercial catalysts, allowing to increase CER performance [66]. However, IrO2 is more stable for oxygen than for chlorine evolution reaction. Thus, a mixture of IrO2 and RuO2 can be an appropriate electrocatalyst to enhance CER performance in a reversible hydrogen-chlorine system due to the advantageous properties of both oxides [47,63]. Finke et al. (2019) proposed to enhance the catalytic activity of CER and OER electrocatalysts by atomic layer deposition of TiO2 [67]. In this work, they showed that OER performance, represented in Ezc (potentials of zero charge), improved 9 times as compared with the conventional iridium catalyst (Figure 6).



In recent years, other non-noble metal catalysts such as Mo, Co, and Ni, have shown a catalytic performance comparable to that of Pt in acid media [68]. For example, Ru-Co and Ru-Mn exhibit higher catalytic capacity and better electrical conductivity and stability, with a significantly reduced precious metal composition, as compared with commercial RuO2 electrodes. Mondal et al. synthetized and tested two novel electrode materials based on Ru, Co, and Mn oxides [69]. This study demonstrated that the durability of these electrodes, as compared with pure RuO2, was greater and therefore, new advances are expected in these electrocatalysts for use in the hydrogen-halogen regenerative fuel cell.



The Ru-Co and Ru-Mn alloys, fabricated by wet chemical synthesis methods as coatings on titanium metal substrates, are also interesting options. They exhibit high catalytic capacity and good electrical conductivity good stability, with a significantly reduced precious metal composition compared with commercial chloride oxidation electrodes (MMO) [70]. As discussed before, Ru is quite expensive, so its content was as low as 1% and it was alloyed with inexpensive metals, such as cobalt and manganese, when tested. It was found that the electrochemical activity was well-maintained, and stability tests showed a negligible mass loss. Moreover, the halogen redox performance was not diminished as compared to pure RuO2 or commercially available MMOs.



Huskinson et al. (2012) developed a high-performance hydrogen-chlorine regenerative fuel cell that incorporated a (Ru0.09Co0.91)3O4 alloy deposited on carbon as the chlorine electrode. No significant activation losses were observed, even with chlorine electrode precious metal loadings of 0.15 mgRu cm−2. It is worth to mention that, in this study, a cost analysis of electrocatalyst loading was performed. It was found to be about $1.11 kW−1 for precious metals on the chlorine electrode at a power density of 0.5 W cm−2 and a Ru price of $3700 kg−1, the cost being negligible when compared to a grid-scale storage system [17].



Based on the study of the effect of the chlorine electrode composition on the performance of reversible chlor-alkali electro-absorption cells carried out by Carvela et al. in 2020 [44], two new chlorine redox catalysts were developed to be used in this novel system: Ti/Ru0.3Ti0.7O2 and Ti/Ru0.5Ir0.5O2; these electrodes were manufactured using the Pechini method and novel laser and microwave technologies, respectively. In conclusion, Ti/Ru0.5Ir0.5O2 electrode showed good electrocatalytic activity for both CER and HER, while the Ti/Ru0.3Ti0.7O2 presented worse results in this regard. However, using Ir as a catalyst also favors the formation of oxygen, so CER competes with OER, thus reducing the conversion into chlorine. Therefore, the mixed states of metal–metal oxide are effectively considered as prominent electrocatalysts for regenerative PEM fuel cells (RFCs).




Ru-Based Trimetallic Catalysts


The use of electrocatalysts based on the combination of various metal oxides has been revealed as an effective method to improve the stability, activity, or selectivity, and catalytic properties of these electrodes during CER, as described in the previous sections. Based on the positive effects obtained by combining two metal oxides, an alternative based on the addition of a new metal oxide has been developed in different research studies, opening the path to the evaluation of ternary oxide systems [71].



On the basis of the results obtained in research developed through the combined use of three metal oxides as electrocatalysts, it can be stated that this method represents a viable option to consider, since the mixture of metal and metal oxides may result in an efficient catalyst to enhance the CRR and CER processes [47].



Nowadays, the most used electrodes are based on a mixture of TiO2-RuO2-IrO2 applied on a Ti support. In 2007, the effect of IrO2 loading on RuO2-IrO2-TiO2 electrodes was studied by Yi et al. [72]. In this work, they prepared three electrodes with different compositions, modifying the amount of IrO2: 0.9, 1.0, 0.3, 0.4, and 0.5 mgTiO2 cm−2. They verified that the electrode with the highest IrO2 content increased by almost double the lifetime of the electrode with the lowest amount. In 2009, Panic et al., studied the effect of the addition of colloidal iridium oxide into sol–gel-processed RuO2-TiO2 coatings, achieving higher activity for CER and OER and reducing the corrosion rate of Ti0.6Ru0.4O2 coatings on titanium in comparison to coatings prepared by the conventional thermal decomposition procedure. IrO2 improved the electrocatalytic activity and capacitive and stability properties of titanium electrodes activated by RuO2-TiO2 coatings. However, the addition of IrO2 decreased its CER activity [59]. Zeradjanin et al. found that the use of ternary Ti-Ru-Ir oxide based on DSA was more selective for chlorine evolution reaction than for oxygen evolution reaction, giving rise to high gas current efficiencies (60–90%) [71].



Our research group has proposed an alternative to improve the electrocatalytic activity of RuO2 by combining it with TiO2 and Pt [44]. On one hand, the presence of TiO2 enhances the stability of the electrode material and CER by rapid charge transport, and on the other hand, the amount of Pt improves the catalytic activity and durability of the electrode [73]. Four new catalysts based on RuO2 deposited on Ti were developed by our group, with different ratio molar compositions: Ru0.2Ti0.6O2Pt0.2, Ru0.3Ti0.6O2Pt0.1, Ru0.4Ti0.5O2Pt0.1, and Ru0.45Ti0.5O2Pt0.05. These electrodes were used in a regenerative hydrogen-chlorine cell in order to study the influence of the catalyst used in the chlorine electrode on the reversibility of the system, as can be seen in Figure 7. In view of the results obtained, it was stated that the molar ratio of Ru:Pt influenced the chlorine production efficiency, being practically double for a ratio of 4 compared to 1 (8.0 mmol Cl2/Wh). Therefore, increasing the amount of Pt in the catalyst does not improve the chlorine reaction but, on the other hand, Ru does influence CER performance. In addition, the maximum power obtained was 6.1 mW cm−2 with a specific power generated of around 50 mWh g−1 hydrogen [44]. Moreover, comparing these results with the electrocatalysts described in the previous section, which were developed by our researchers, it was concluded that using a ternary Ru-Ti-Pt system improved Cl2 production efficiencies (98% for Ru0.3Ti0.6O2Pt0.1/Ti, 80% for Ru0.5Ir0.5O2/Ti, and 72% for Ru0.3Ti0.7O2/Ti) [28]. Clearly platinum plays a significant role in the composition of these catalysts.





3.2.3. Catalysts Based on Other Compounds


In order to further improve the stability of these active oxides, the addition of other materials like TiO2, Ta2O5, and ZrO2 has been investigated [74]. Thus, Deng et al. (2019) studied the surface morphologies of IrO2-Ta2O5-TiO2 electrodes with different TiO2 mole fractions and observed that many fine grains appeared on the surfaces of IrO2-Ta2O5-TiO2 electrodes, which could improve electrochemical active surface area and electrocatalytic activity. The IrO2-Ta2O5-TiO2 electrode, whose loading was 0.7 mg cm−2, presents a high electrochemically active surface and a low Tafel slope (50.1–51.5 mV dec−1), which makes it the electrode with the highest CER performance. At the same time, the IrO2-Ta2O5-TiO2 electrode has very excellent chloride evolution selectivity, which has greatly inhibited the occurrence of oxygen evolution [75].






4. Performance of the Regenerative H2-Cl2 Fuel Cells


In order to allow readers to have detailed information about the topics discussed in the previous sections, Table 1 summarizes the most important data, ranked according to the year of completion. In this way, the enhancements and advances in this technology over the last years can be checked, and the efficiency of the different materials (both individually and in combination) used as electrocatalysts in a hydrogen-chlorine regenerative cell can be compared.



From this chronological perspective, the following statements can be drawn:




	-

	
Over the years, new techniques have been used for the development of new catalysts and it has generally meant a substantial enhancement in the efficiency of hydrogen-chlorine regenerative cells.




	-

	
The use of Ru instead of Pt implied an increase in the catalytic activity of the electrode in chlorine evolution reaction.




	-

	
The combination of two metal oxides generally improves the results obtained by using a pure metal (up to 84% for (Ru0.09Co0.91)3O4/C as the chlorine electrode).




	-

	
Adding a new metal (Pt) to Ru-based bimetallic catalysts does not, generally, improve the performance of H2-Cl2 fuel cells.




	-

	
The best electric-to-electric efficiency (EFE) results have been obtained in research carried out by our group, at present, in which only ruthenium oxide was used as a catalyst on the chlorine side. These results were obtained by using carbon as a support and introducing dry chlorine into the cell, which changed the operating conditions when compared to the rest of the cells.










5. Conclusions


Hydrogen-chlorine regenerative fuel cells can be used for energy storage. Although it is known that there are other more developed alternatives, such as batteries or H2-O2 fuel cells, this technology may still have its niche market. Most of the research efforts on these systems have been focused on catalysts and, although chlorine-based cells have been largely studied over the past couple of decades, it is still receiving great attention because of the recent boost of renewable energy.



Regarding the different cell configurations that have been reviewed, it is clear that the MEA-based one is mostly used by researchers. Nevertheless, the idea of feeding hydrogen as microbubbles in a liquid phase has been found to be very attractive as the compression power and cost could be decreased. The catalysts that are used in these systems have been evaluated from two different point of views.




	(i)

	
Those that are used in the electrode where hydrogen reactions take place. In this case, it can be concluded that Pt-based catalysts are the best, and recent trends are looking for novel-non-carbonaceous supports to avoid the corrosion of carbon-based catalyst supports.




	(ii)

	
Those that are used in the electrode where redox chlorine reactions take place. In this case, RuO2-based catalysts are the best option. Nevertheless, this electrode has received more attention than numerous other “catalyst configurations” and bimetallic or trimetallic catalysts, which have been assessed with the aim of improving the properties of the catalysts for these reactions and reducing the costs of the catalyst.









The authors did not find many experiments using actual regenerative H2-Cl2 fuel cells, i.e., tests where the catalysts were working in electrolysis and fuel cell modes. Most of the catalysts were evaluated only in one mode. These essays are mandatory to evaluate the efficiency of the system. Moreover, durability issues of the catalysts used in these systems are unknown. From the authors’ point of view, this item should be the next step to evaluate the feasibility of this technology and improve the level of technology readiness
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Figure 1. Variation (in %) of demand of different energy sources during the first quarter of 2020 compared with the same period of 2019, according to the International Energy Agency (https://www.iea.org/reports/global-energy-review-2020). 
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Figure 2. Main reactions that take place in different types of hydrogen-halogen fuel cells. 
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Figure 3. Schematic operating mode of a regenerative chlorine fuel cell. 
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Figure 4. Prototypes of a gas-liquid hydrogen-chlorine (H2-Cl2) fuel cell for energy storage proposed by Carvela et al., 2020. Reprinted with permission from [28]. 
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Figure 5. Linear sweep voltammetry of Pt/Ti (a) and Pt/NF (b) as a function of film deposition time (20–60 min). Comparative LSVs (c). Reprinted with permission from [41]. 
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Figure 6. EZC of iridium oxide (IrO2), ruthenium oxide (RuO2), and FTO electrodes coated with various cycles of titanium oxide (TiO2). Reproduced with permission from [67]. 






Figure 6. EZC of iridium oxide (IrO2), ruthenium oxide (RuO2), and FTO electrodes coated with various cycles of titanium oxide (TiO2). Reproduced with permission from [67].



[image: Catalysts 10 01263 g006]







[image: Catalysts 10 01263 g007 550] 





Figure 7. Potential vs. current density for the cell operated in both electrolysis and fuel cell mode at 25 °C and atmospheric pressure with different chlorine electrodes: Ru0.2Ti0.6O2Pt0.2, Ru0.3Ti0.6O2Pt0.1, Ru0.4Ti0.5O2Pt0.1, and Ru0.45Ti0.5O2Pt0.05 [28]. 
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Table 1. Comparison of recent research on the regenerative H2-Cl2 system. Performance described in terms of energy efficiency (EE), electric-to-electric efficiency (EFE), power efficiency (PE), and maximum cell voltage (MCV), where applicable.
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Electrode

	
Manufacturing Procedure

	
Experimental Setup/Operation Conditions

	
Performance

	
Reference

	
Conclusions




	
Hydrogen Side

	
Chlorine Side

	
Electrolysis

	
Fuel Cell

	
Electrolysis

	
Fuel Cell

	
Pros (+)

	
Cons (−)






	
Graphite

Non-electrocatalyst

	
Graphite

Non-electrocatalyst

	
Three cells

Surface area electrode (SAE): 60 cm2

Separators: 2 mm thick earthenware

	
X

	
I = 0.2A

T = 25 °C

Cl2 = 1.5 L h−1

H2 = 12 L h−1

	
H2 = 2%

Cl2 = 91%

	
[35]

	
-Low H2 consumption

	
-Necessary to platinize the electrode; high flow rate of hydrogen




	
Pt/C

	
Pt/C

	
-

	
X

	
j = 40 mA cm−2

T = 50 °C

5.0–8.0 M HCl

	
EE = 41% and 51%

	
[36]

	
-Carbon gas diffusion electrodes

	
-High conductivity is required (5.0 M HCl, as minimum)




	
Platinized graphite

	
Percolating porous graphite

	
-

	
X

	
E = 1.0 V

	
j = 50 mA cm−2

PE = 80%

	
[37]

	
-The cell performance remained constant

	
-Low activity for CRR due to the lack of a catalyst




	
Platinized graphite

	
Ruthenized

titanium (RuO2/TiO2)

	
Cell flow-by and flow-through Membrane: Nafion (0.025 cm)

SAE: 46 cm2

	
H2 gas; Cl2 dissolved in HCl

j = 100 mA cm−2

T = 40 and 80 °C

Electrolyte = 10% HCl; 8 cm3 s−1

	
H2: non-electrolyte; Cl2: HCl

j = 100 mA cm−2

Cl2 P = 5 atm

Electrolyte = 10 % HCl

	
EFE = 85 and 90% (40–80 °C)

	
[49]

	
-Fast electrode

kinetics of the system

-Electrolysis and fuel cell reaction in the same cell

	
-Mass transfer

limitations during discharge

-Parasitic reactions




	
Pt-Ir/C

2.5 wt. % Pt; 5 wt. % Ir

	
Pt-Ir/C

2.5 wt. % Pt; 5 wt. % Ir

	
Non-membrane

SAE: 15 cm2

Separators: neoprene rubber

Electrode distance: 6 mm

	
X

	
j = 100 mA cm−2

T = 60 °C

Cl2 P = 60 mm Hg

Electrolyte = 5 M HCl; 7 mL min−1

	
MCV = 1.0 V

Stable for 300 h

	
[53]

	
-A long-term stability in performance of the cell

-Low Pt content

	
-Electrode corrosion

-Passivation

-Mechanical damage




	
Pt/C

20 wt. % Pt

1 mgPt cm−2

	
RuO2/C

0.8 mgPt cm−2

	
Surface area electrode: 6.25 cm2

	
X

	
j = 3 00 mA cm −2

T = 25 °C

Electrolyte = 1 M HCl

	
MCV = 1.05 V

Stable for 120 h

	
[50]

	
-Non-platinum for chlorine electrode

	
-Long-term stability decreases in the performance of the cell by 45%




	
Pt/C

20 wt. % Pt

0.5 mgPt cm−2

	
(Ru0.09Co0.91)3O4/C

0.15 mgRu cm−2

	
Circular endplates

Separators: PTFE

SAE: 2 cm2

Membrane: Nafion

Assembly: Membrane electrode assembly (MEA) (10.2 nm)

	
T = 50 °C

	
Anolyte: non-humidified H2 or humidified H2 (50–100 mL min−1)

Catolyte: HCl + bubbles of Cl2 (0 M, 1 M, and 2 M)

T = 50 °C

Cl2 P = 12–70 psig

	
Maximum power density = 0.4 W cm−2

EFE = 84%

	
[17]

	
-Maximum power density is twice that of previous literature values

-Low Ru content

-Oxygen evolution is slow

-No significant activation loss

	
-The hydrogen electrode requires humidification




	
Ti0.8 O2Pt0.2/Ti

40 wt. % Pt

0.65 mgPt cm−2

	
Ru0.2Ti0.6 O2Pt0.2/Ti

38 wt. % Ru; 40 wt. % Pt

0.65 mgPt cm−2

	
Cell flow-by housing (7.5 cm × 7.5 cm)

Surface area electrode: 2 cm2

Membrane: Nafion

Assembly: non-MEA

	
j = 100 mA cm−2

T = 25 °C

P = 1 atm

Anolyte = 2.0 M NaCl

Catholyte = 2.0 M NaCl

	
E = 0.5 V

T = 25 °C

P= 1 atm

Anolyte = macrobubbles H2

Catholyte = HClO (1 M HCl + 1 M ClO−)

	
H2 production = 88%

EFE = 46%

	
[44]

	
-Electrodes have higher efficiency for long periods of time

-Reversibility

-Electrolysis and fuel in the same cell

-Low oxygen production

-High hydrogen production

	
Electrodes with a certain amount of Pt

-High electrode gap




	
Ti0.8 O2Pt0.2/Ti

40 wt. % Pt

0.65 mgPt cm−2

	
Ru0.3Ti0.6O2Pt0.1/Ti

38 wt. % Ru; 40 wt. % Pt

0.65 mgPt cm−2

	
H2 production = 98%

EFE = 74%

	
[44]




	
Ti0.8 O2Pt0.2/Ti

40 wt. % Pt

0.65 mgPt cm−2

	
Ru0.4Ti0.5O2Pt0.1/Ti

38 wt. % Ru; 40 wt. % Pt

0.65mg Pt cm−2

	
H2 production = 97%

EFE = 60%

	
[44]




	
Ti0.8 O2Pt0.2/Ti

40 wt. % Pt

0.65 mgPt cm−2

	
Ru0.45Ti0.5O2Pt0.05/Ti

38 wt. % Ru; 40 wt. % Pt

0.65mg Pt cm−2

	
H2 production = 84%

EFE = 13%

	
[44]




	
Pt/C

40 wt. % Pt

0.65 mgPt cm−2

	
Ru0.3Ti0.6O2Pt0.1/Ti

38 wt. % Ru; 40 wt. % Pt

0.65 mgPt cm−2

	
Cell flow-by housing (7.5 cm × 7.5 cm)

SAE: 2 cm2

Membrane: Nafion

Assembly: MEA

	
j = 100 mA cm−2

T = 25 °C

P = 1 atm

Anolyte = 2.0 M NaCl

Catholyte = 2.0 M NaCl

	
E = 0.5 V

T = 25 °C

P = 1 atm

Anolyte = H2 microbubbles

Catholyte = HClO (1 M HCl + 1 M ClO−)

	
H2 production = 84%

EFE = 48%

	
[28]

	
-Minimum distance between electrodes

-Low mass transfer losses at the hydrogen electrode -Reversibility of the system

	
-Electrodes with a certain amount of Pt

-Electrodes require thermal treatment




	
Pt/C

40 wt. % Pt

0.65 mgPt cm−2

	
Ru0.3Ti0.7O2/Ti

38 wt. % Ru

0.65 mgPt cm−2

	
H2 production = 72%

EFE = 33%

	
Carried out by our research group, not published yet

	
-Non-platinum content for the chlorine electrode

-Low metal precious content

-Higher mechanical stability

-Electrodes do not require thermal treatment

	
-Parasitic reactions

-Formation of oxygen

-Low stability of the cell performance




	
Pt/C

40 wt. % Pt

0.65 mgPt cm−2

	
Ru0.5Iri0.5O2/Ti

38 wt. % Ru

0.65 mgPt cm−2

	
H2 production = 80%

EFE = 45%




	
Pt/C

40 wt. % Pt

0.65 mgPt cm−2

	
RuO2/C

38 wt. % Ru

0.65 mgPt cm−2

	
Cell (graphite): 15 cm × 15 cm

SAE: 25 cm2

Membrane: Nafion

	

	
E = 0.5 V

Anolyte = humidified H2

Catholyte = dry Cl2

	
H2 production = 99.7%

E = 530 Wh/mol Cl2

EFE = 78%

	
-Novel reactor of non-porous graphite material

-Non-platinum on chlorine electrode

	
-High ohmic resistance

-The hydrogen electrode at least requires humidification

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
EIV

EIV

25 25
o — e
TR —Fmicet
0 20
15 15
>
10 TR
0. 0.
004 mum00m 0] mmomm
T3 3 15 . IR S T T T ]
i/mAcm? J/mAcm?
25 2
e — Bt
Ree raicet
20 20
15 w_—
>
10. TR
o5 0.
001 runopm 001 mm0mm
LRSS B AN B A ) [ R R RE R ]
J/mAcm? Jimacm?






media/file4.png
charge

Iniq) +2Clqy = Zng+Cly  ; E3ogy = 2.12V

CHLORINE discharge
Zn = CIZ charge
— 1 1
H, = Cl HClag) = S Hy #5Ch 5 Eogy =136V
discharge
o B charge ;
Zn(aq) . ZBT(aq) = Zn(s)‘" Brz(g) ; E298K =183V
discharge
charge 7 "
BROMINE HBT(aq) = EH2(9)+EBr2(g) 5 Eg98K =1.07V
Zn - Br; discharge
Hz- Br.2 ' charge
) 2 discharge
Organic — Br, charge
© BrCl;, +2e~ = Br~+ 2Cl~
discharge

AQDS +2e¢~ + 2H* = H, AQDS

charge

IODINE 3lag) * IGag)y = Istaq)+ Zn(s); Egogx = 130V
discharge
Zn = |2
Li — |2 charge

2Li* + Blgg + = 2Li+ Iy,
discharge






nav.xhtml


  catalysts-10-01263


  
    		
      catalysts-10-01263
    


  




  





media/file2.png
-10

I

Gas

Renewable





media/file5.jpg





media/file3.jpg
e
Znfly +200Gag = InggHCly, ; By = 212V
e

e
HClagy @ 3Ha+3Clgy i Efou= 136V
e

BROMINE
n-8r,
Hy=8r
V-Br,

Organic—Br,

10DINE
-1,
Li-1,

Ikt 4 2By = Zngy+ Bry, By = 183V
il + 2By = It Brig i B = 1
Fresis T etie, o
a0, = 3Hat B e = 107V
.
@ VCL+Cl- = VClh+eo
e

e
© Brel;+2e~ = Br+ 201
e

AQDS+2¢” + 2H* = H, AQDS

g +Zndty 2 Iiaq+ Zng ; Ed
oo + 20l 5 Py + 200 Bl

130V

2+ 3y ST 20+ I
=






media/file1.jpg
0 .

Gas Renewable

10





media/file7.jpg





media/file10.png
_2)

cm

Current Density (mA

0_
-50-
-100- Pt/Ti
-150-
-200-
Bare Ti
A —— PYTi_20
300. —— PYTi_40
—— PYTi_60
350 4————————
0.3 -0.2 -0.1 0.0
Potential (V)

)
2 ¢

-100-
-150-
-200+
-250+

&
S
S

Current DenS|ty (mA Cm'2)

Pt/NF

Bare NF

— Pt/NF_20
—— Pt/NF_40
— Pt/NF_60

01— l T T
-0.3 -0.2 -0.1 0.0

Potential (V

RHE)

Current DenS|ty

-200-

W N
S O
S 5

-350

—— PU/NF
—— PYTi

0.3 -02 -01 0.0
Potential (V

RHE)






media/file12.png
600F

Esc (mV vs. SCE)

— N N o,
o o o o
o . O o o .

o

W
o
o

— —
lllllllllllllllllllllllllllllll

L LI B LI I A | LI B ) LN I B LI I )
I I | I I |

®Ir0>/TiO» @ @’
@RUO/TiO: ]
@FTO/TIO, -
@Best OER ]
@Best CER @ ]
L4
e @ i
..
® . e -
e ]
[ ] i
. o

@]

0

10 20 30 40 560 60
Cycles of TiO;





media/file9.jpg
. o~ 0 ~

a % < o

§ 50 S § 50
<
Eom S0 Lo
150 Zas 2150

5 200 S 200 g,m
a a 2
7250 £ 20 Z 250

g 5 ——PUNF

2300 £ 300 8 300 i,
3 3. 3

005 52 51 00 03 02 01 00 0

2 03 02 01 00
Potential (V,,.) Potential (V) Potental (V)





media/file0.png





media/file14.png
E/V

E/V

2.5
Electrolysis
Fuel cell
2.0
1.5 4
1.0 4
0.5 1
0.04  Ruy,Tiyc0,Pt, ,/Ti
0 1 2 3 4 5 6
j/ mA cm™
2.5
| Electrolysis
Fuel cell
2.0
1.5 4
1.0 4
0.5
0.09  Rug ,Tiys0,Pt, ,/Ti
0 2 4 6 8 10 12 14 16 18 20

j/ mA cm?

E/V

E/V

2.5

Electrolysis
Fuel cell
2.0
1.5- //
1.0
0.5
0.0 Rug 3Tip 6O2Pty 4/Ti
0 1 2 3 4 5
j/ mA cm
2.5
| — Electrolysis
Fuel cell
2.0 1
15_4,///””d—~—d—’
1.0
0.5
0.0 Rug 3Tip 6O,Pty 1/Ti

j/ mA cm






media/file8.png
cl/

HCIO/CIO

.......
cccc

-
- -
B T T L

into 2M NacCl

aqueous
solution

Microbubble
H, generator

.

2M Nacl

Fuel
cell

cly/
HCIO/CIO

Prototype 3 \

Microbubble
generator

2M NaCl

/" Prototype4

Fuel
cell

SIIIIIT

—

|

i

iy

-

- -
--------

o« SN ey

|

1

~{ P

\






media/file11.jpg
600

Ezc (mV vs. SCE)
Now b o
o © o =]
S o _© S

-
o
(=]

Cycles of TiO,

o T T T ol = I'j
®Ir0/TiO; ° o
@RUOTIO:

o @FTOTIO, |
@Best OER

®  |@BestCER L]
3 o]

L] L]
E [
a ] ]
« % °
£ 1
e _6 1
26

CL. 1 [P I PP PO |
0 10 20 30 40 50 60





media/file6.png





